In a multicomponent nematic liquid crystal (NLC) mixture of a liquid crystal (negative-type NLC) and a photosensitive acrylic prepolymer, photopolymerization upon UV irradiation induces the separation of the LC and photosensitive acrylic prepolymer layers, thereby leading to a vertical arrangement of LC molecules. In this study, we propose a simple vertical alignment method for LC molecules, by adding a chiral smectic A (SmA * ) liquid crystal having homeotropic texture characteristics to an NLC mixture solution. Measurements of electro-optical properties revealed that the addition of the SmA * LC not only strengthened the anchoring force of the copolymer alignment film surface, but also significantly enhanced the contrast ratio (∼73%), response time and grayscale switching performance of the device.
Introduction
Currently, the prevailing method of aligning liquid crystal (LC) molecules involves rubbing the film surface of organic polymers (e.g., polyimide, polyvinyl alcohol and Nylon 66) [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . However, several issues, if left unresolved, can result in damage to drive circuits, and thus in defective devices, leading to a decrease in production rate [8] .
Notable examples of such issues include dust particle pollution and electrostatic retention resulting from rubbing alignment, the difficulties in controlling rubbing strength, brush marks and other factors. These issues fuel the development of noncontact alignment technologies such as photoalignment [12] [13] [14] [15] [16] [17] [18] [19] [20] , ion-beam (or high-energy laser) alignment [21, 22] , nanoimprinting [23] [24] [25] [26] [27] [28] , monolayer self-assembly [29] [30] [31] [32] [33] [34] [35] [36] and oblique evaporation [37] [38] [39] .
In our previous reports on noncontact photoinduced vertical alignment [40, 41] , we specifically highlighted the proposal of Vorflusev and Kumar from Kent State University in 1999 on multilayered phase separation composite film (PSCOF) technology [42] . Their seminal work has served as the theoretical basis of the present study of multicomponent mixtures of LCs and photosensitive prepolymers. In this study, we aim to extend the possibilities of the application and fabrication of LC electrooptical devices using vertical alignment, with the additional benefit of completely eliminating polyimide preprocessing (i.e. cell processes such as coating and rubbing in the liquid crystal display industry) and increasing production yield and rate.
Several similar technologies, e.g. the use of LC/photosensitive prepolymers, have been used in the fabrication of LC devices before the introduction of the PSCOF method by Kumar et al. These technologies include photopolymerization-induced phase separation (PIPS) [43] [44] [45] [46] methods such as those using polymer-stabilized cholesteric texture (PSCT) [47, 48] , polymer-dispersed liquid crystals (PDLCs) [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] , polymer-dispersed ferroelectric liquid crystals (PDFLCs) [59] , polymer-dispersed chiral liquid crystals (PDCLCs) [60] , holographic polymer-dispersed liquid crystals (HPDLCs) [61] [62] [63] [64] , homeotropic reverse-mode polymer liquid crystals (HRPLCs) [65] , polymer-liquid crystals (PoLiCryst's) [66] , cholesteric LC-polymer dispersion [67] and cholesteric LC-polymer gel dispersion [68] . The morphology of polymers can vary widely with different process parameters, e.g. photosensitive prepolymer structure, the mixing ratio between LCs and photosensitive prepolymers, cell thickness, temperature and the duration and intensity of UV irradiation. The marked variations in polymer morphology led to differences in the operation mode, drive circuit design, and applications of LC devices [69] [70] [71] [72] [73] [74] [75] [76] [77] .
In 2000, Kumar and co-workers [75] reviewed relevant theories and experimental results to outline how a phase separation can be induced in a mixture of an LC and a photosensitive prepolymer after UV irradiation, and highlighted the strong dependence of polymer morphology on polymerization rate. In 2005, by following the theoretical framework previously established, Kumar et al. further varied process parameters, such as UV irradiation intensity, environment temperature and cell thickness and empirically demonstrated the effective control of these parameters to obtain polymer (PSCOF or PDLC) films with different morphologies [77] . Thus, in our previous studies [40, 41] , by building on the works of Kumar et al., we demonstrated the fabrication of vertical alignment copolymer film (VACOF) LC devices with double vertical-alignment-mode layers.
In this study, we synthesized a chiral smectic A (SmA * ) LC [78] with the chemical structure shown in figure 1(a) . The SmA * LC exhibits an electroclinic effect [2, [79] [80] [81] [82] ; in other words, in the presence of an electrical field (E), LC molecules follow the direction of E and tilt from their original orientation. This is a particularly profound manifestation of spontaneous polarization. Under the application of an external electrical field, the spontaneous polarization of a material will lead to an alignment with the electrical field. In recent years, spontaneous polarization has attracted attention owing to its potential for creating a switch between bright and dark states. Besides the excellent, stable chemical structure, the electroclinic effect of the SmA * LC offers the additional benefit of a faster response than the ferroelectric LC and the grayscale adjustment capability [82] . The rapid tilt angle conversion also enables a wide range of applications in display technology [83] . In addition, after fabricating SmA * LC and using it to fill an LC cell with no polymer alignment film, we observed a complete vertical alignment of LC molecules (homeotropic texture) under crossed polarizers [78] . Thus, in this study, to exploit the aforementioned phenomenon and experimental results, we added an SmA * LC compound to a mixture of a negative-type nematic LC (NLC) and a photosensitive acrylic prepolymer (presented in our previous study) to achieve the auxiliary vertical alignment of LC molecules in the original system (NLC mixture). From our previous results, we found that mixing the SmA * LC compound and altering the main-chain-type biphenol acrylic prepolymer structure of the VACOF would not only enhance the surface anchoring force of the VACOF or improve the contrast ratio of the LC device, but also improve the electrooptical characteristics, such as the grayscale performance and response time, of the device.
Experiments

Material composition and description of multicomponent LC mixtures
We used the chiral SmA * LC that we synthesized previously to supplement an NLC mixture with a noncontact-mode photoinduced vertical alignment (vertical-alignment-mode) effect. Figure 1(a) shows the chemical structure and phase-transition temperatures of the SmA * LC compound. Its core consists of a biphenyl ring connected to a single benzene ring by an ester group (-COO-); the core is linked to chiral centers via oxygen bridges (-O-), which stabilize the molecule. To further improve the stability of the SmA * LC, we designed a terminal soft segment (with 6 carbon atoms in the alkoxy group) and a chiral soft segment (with 6 carbons in the alkyl group) with appropriate lengths. From the results of the structural design, x-ray diffraction (XRD) and thermal analyses (differential scanning calorimetry, DSC) of the LC molecules, we deduced that the novel SmA * LC encompasses a broad temperature range (∼60
• C) and possesses a large electrical-field-induced molecular tilt angle (∼10
• ), a short switching time (9-15 µs) and grayscale adjustment capability [78] .
The prime motivation for altering the main chain structure of the VACOF was our prior discovery that the density of the cross-linking grid formed on the VACOF surface significantly affects contrast ratio [41] . After the incorporation of photosensitive acrylic prepolymers with longer molecular structures into the main chain, the LC molecules of the LC device would, under the influence of an electric field, collectively rotate in the direction of the electric field, thereby leading to an increase in transmittance and an increase in contrast ratio. Adding the SmA * LC compound to the NLC mixture (NLC-SmA * /photosensitive acrylic prepolymer mixture or NSLC mixture for short) meant that, besides the desirable SmA * LC characteristics, LC molecules would vertically align on the surface of an indium-tin oxide (ITO) substrate when the SmA * LC compound fills an empty cell without a polymer film alignment layer (cell thickness 4 µm), thereby giving rise to a uniformly dark state under crossed polarizers [78] . Thus, the objective of our experiment was to improve the electrooptical properties of the NLC mixture by adding a trace amount of SmA * LC to it. The chemical structures of the photosensitive acrylic prepolymer and photoinitiator used for the multicomponent LC mixture are shown in figures 1(b)-(e).
Preparation of NSLC mixtures
As detailed in [40] and [41] , we mixed the alkyl long-carbon-chain acrylic prepolymer A C10 , the biphenol acrylic prepolymer B1 or B2, the photoinitiator C, and an NLC to obtain materials impacts with two different main chain structures, denoted as NLC/B1 and NLC/B2. We used organic polymers with a side chain structure similar to that of polyimide to simulate the traditional rubbing process typically involved in the fabrication, and the long carbon alkyl side chain of A C10 (alkyl carbon number 10, dodecyl prop-2-enoate, SeaEn Special Material Co) was supposed to affect the vertical alignment of LC molecules. The photoinitiator C (1-hydroxy-cyclohexyl-phenyl ketone, Ciba Specialty Chemicals Co) starts the free-radical polymerization during the UV irradiation. The prepolymers B1 (4,4 -bisacry-loylbiphenyl) and B2 (4,4 -bis[4-(acryloyxy)hexyloxy]biphenyl) were purchased from SeaEn Special Material Co The NLC (Merck) had the following parameters: ε = −4.1, n = 0.0899, η 1 = 0.21 kg m 2 s and K eff = 18.1 pN. We previously achieved the best electrooptical properties and the highest contrast ratio in LC devices with an alkyl carbon number of 10 for the acrylic prepolymer A and the main chain structure of B2 [41] . In this work, we altered the main chain structure by changing B2 to B1 and added an SmA * LC with homeotropic texture characteristics to produce the NSLC system. The main component of the mixture was the NLC, and the mixing ratios are listed in table 1.
The mixing ratio of the SmA * LC compound was equivalent to the total mixing ratios of the acrylic prepolymer A C10 (1.8 wt%), B2 (0.32 wt%) and photoinitiator C (0.1 wt%) in the NLC/B2 mixture (A C10 + B2 + C = 2.22 wt%). Thus, we measured the electrooptical and display properties of the LC devices using the 1 : 10 NSLC mixture, that is, SmA * : A C10 + B2 + C = 1 : 10. We also studied their phase-transition behavior, XRD patterns, UV conversion percentage and device display effects, in addition to their transmittance, grayscale capability and response time.
Next, we obtained the NSLC solutions by heating the SmA * LC compound to approximately 20
• C above the clear point (isotropic temperature), followed by ultrasonication and stirring for about 1 h. The LC mixture solutions were subsequently kept stable in a homogeneously isotropic phase at room temperature, followed by injection via capillary action under vacuum to fill an empty cell with ball-shaped glass fiber spacers (diameter 4 µm). We also observed the effects of increasing the concentration of the SmA * LC compound on the electrooptical properties of the LC device.
PIPS and UV conversion behaviors of NLC/B1, NLC/B2 and NSLC mixtures
Many factors affect polymer film morphology, e.g. cell thickness, temperature, and the intensity and duration of UV irradiation. They all have different effects on the PIPS rate of the photosensitive prepolymer and can result in polymer (PSCOF and PDLC) films [75, 77] with markedly different morphologies, characteristics and applications. To obtain VACOFs with smooth surface, the temperatures of the NLC/B1, NLC/B2 and NSLC mixtures were kept at 90
• C (the isotropic temperature of the NLC) using a Mettler FP-82HT hot stage during the UV irradiation (intensity ∼5 mW cm −2 ). After completing the PIPS (figure 2), the LC cells with the NLC/B1, NLC/B2 and NSLC mixtures were slowly cooled to room temperature.
In addition, we prepared NLC/B1, NLC/B2 and NSLC mixtures with a methanol solvent concentration of 3.3 × 10 −6 mol l −1 , and measured the variations in the optical absorption value (λ max ) of the five LC mixtures during the UV irradiation (duration 0-30 min). From these data, we calculated the conversion percentage of the materials and the degree of VACOF polymerization.
Thermal analysis
The phase-transition temperatures of the pure NLC and NSLC mixtures were measured with a differential scanning calorimeter (DSC, PerkinElmer DSC 4000) as the maxima of endothermic and exothermic peaks (T endo,max and T exo,max ). All the compounds were first heated and cooled at a rate of 5
• C min −1 in a nitrogen atmosphere. The transition temperatures were measured during the second heating and cooling scans.
The LC textures of the NLC and NSLC mixtures were observed by polarized optical microscopy (POM, Olympus Optical Co, Ltd, models BHSP-2 and BX-51) coupled with a Mettler FP-82HT hot stage, and the degree of vertical alignment was evaluated by conoscopy.
XRD analysis of Sm A * LC
On account of the homeotropic texture exhibited by the SmA * LC between 95 and 155
• C, we applied Bragg's law [84, 85] to determine the molecular arrangements in the crystal 1 (Cr1) and crystal 2 (Cr2) states as
where the integer n is the 'order' of reflection, λ is the x-ray wavelength, d is the spacing between the SmA * LC layers and ϕ is the angle of incidence. From the XRD analysis results, one can determine the practical projection length of the LC molecules and then calculate the largest theoretical length L of the LC molecules (with the LC molecules in the coplanar, trans configuration) through 3D simulation. Synchrotron powder XRD measurement was then performed in a transmission geometry at the beamline BL17A (λ = 1.33366 Å) of the National Synchrotron Radiation Research Center (NSRRC), Taiwan. The XRD data were collected using a Mar345 image plate detector mounted normal to the beam, 220 mm away from the sample, with diffraction signals accumulated for 30 s. The powder samples were packed into a capillary tube and heated by a heat gun equipped with a temperature controller. The scattering angle was calibrated using a mixture of silver behenate and silicon. For the 2D XRD patterns, surface-aligned samples of mesophases were obtained by a slow cooling (1 • C min −1 ) of a small droplet of the compound from the isotropic melt on a glass plate treated with a commercially available homeotropic agent.
After complete scanning and plotting the intensity versus diffraction angle 2ϕ, we studied the sharp small-angle diffraction peaks observed at different temperatures and calculated d with equation (1) . Substituting d into equation (2) enables us to estimate the tilt angle θ (see figure 3) as transmittance to be 0%; then, we applied a saturation voltage (V = V sat ) and assigned a transmittance of 100% to the state with the maximum brightness. Next, we placed the LC cell under the crossed polarizers of the POM and applied an alternating electric field (0-7 V, 60 Hz, square wave) with a waveform generator. The light signal received by a photomultiplier (International light, SED038) was subsequently calibrated with a radiometer to study the variation in transmittance with slowly increasing voltage [86] . From the transmittance versus applied voltage curve, we deduced the threshold, driving and saturation voltages, i.e. V th , V on and V sat , respectively, defined as the voltages when the transmittance reached 10, 90 and 100%, respectively. The maximum transmittance was obtained when the tilt angle of the LC molecules inside the LC cell under the influence of the electrical field (V = V sat ) reached 45
• with crossed polarizers. The transmitted light intensity I is given as [87, 88] 
where I 0 and λ are the intensity and wavelength of incident light, respectively, ψ is the angle between the polarization direction of the incident light and the long axes of the LC molecules, d is the cell thickness, n(V ) is the birefringence at the voltage V and d n(V) is the retardation R of the LC. Additionally, under the POM with crossed polarizers, we could observe the dark-and bright-state display conditions before (V = 0, the long axis of the LC molecules is aligned to the normal of the ITO substrate) and after (V = V sat , the short axis of the LC molecules is aligned to the electric field) a voltage was applied to the LC cell, owing to the electrically controlled birefringence effect [89] [90] [91] . The principles behind the electrooptical effects of the vertical alignment mode [92, 93] are shown in figure 4.
Response time.
We employed a He-Ne laser (10 mW, λ = 632.8 nm) as the incident light source [40, 41, 86] and positioned the LC cell between crossed polarizers for measurements. After the application of an alternating saturation voltage (10 Hz, square wave), the signal was detected by a photodiode and displayed on an oscilloscope. From the detected shapes of the waveform, we calculated the total response time as the sum of the rise time (τ on ) and fall time (τ off ):
Total response time = τ on + τ off .
Here, τ on is the time required for the transmittance to rise from 10 to 90% and τ off is the time required for the transmittance to fall from 90 to 10%, as shown in figure 5.
Results and discussion
UV conversion percentage of LC mixtures
After the NLC/B1, NLC/B2 and NSLC mixtures were exposed to UV light for 0-30 min, PIPS resulted in the production of free radicals by the photoinitiator. The interaction of free radicals with the unsaturated functional groups (acetyl double bonds) of the photosensitive acrylic prepolymer initiated copolymerization reactions. At this stage, the miscibility of the liquid crystal and photosensitive acrylic prepolymer slowly decreased to the point where the reactions terminated and a complete phase separation was achieved. The photoinitiator would attack the unsaturated acetyl double bonds, thus causing the UV absorption values to decrease and saturate. Thus, we converted the variations in the UV absorptions of the NLC/B1, NLC/B2 and NSLC mixtures during the UV irradiation to the UV conversion percentage, as shown in figure 6 . Figure 6 shows that the conversion percentages of the NLC/B1, NLC/B2 and NSLC mixtures were reached 89% after UV irradiation for 15, 10 and 11 min, respectively. We can conclude from this observation that the change in the main chain type in the LC mixtures from B1 to B2 leads to an increase in the copolymerization rate (inset of figure 6 ). Nevertheless, after UV irradiation for 30 min, the conversion percentages of all the LC mixtures exceeded 97%.
We selected five LC mixtures whose conversion percentages were 89% primarily to avoid the incomplete separation of LC molecules from the copolymer volume of the photosensitive acrylic prepolymer under insufficient UV irradiation time, which would lead to a PDLC film structure morphology. In another scenario, where the UV irradiation time was exceedingly long despite the phase separation being nearly complete, the cross-linking density of the polymer film would be greater and the degree of crystallization would increase rapidly, rendering the formed VACOF more brittle.
To achieve uniformity in the experimental conditions and avoid the occurrence of the aforementioned scenarios, we selected NLC/B1, NLC/B2, NSLC/1 NSLC/2 and NSLC/3 mixtures with approximately the same conversion percentages (∼89%) for further experiments.
Phase-transition behaviors and POM observations of pure NLC and NSLC mixtures
We conducted DSC analysis and POM (cell thickness 4 µm) observations on NLC and NSLC mixtures irradiated with UV light. The UV conversion percentage of the NSLC mixture was ∼89% (see figure 6) , and the results are summarized in table 2.
From table 2, the isotropic temperature of pure NLC was 92.1
• C (second cooling process). The POM image in table 2(a) showed a nematic Schlieren texture during the second cooling (temperature ∼30
• C). On the other hand, when a trace amount of pure SmA * LC compound was added, the photosensitive acrylic prepolymer and photoinitiator had little effect on the phase-transition temperature of pure NLC, with isotropic temperature varying between −91.7 and −91
• C. Therefore, this addition should not affect the application temperature range of pure NLC. Tables 2(b-d) show that the nematic and smectic LC molecules of the NSLC mixture, after being photoaligned and cooled below 30
• C (second cooling), exhibited uniform vertically aligned states and conoscopic patterns.
Auxiliary mechanism of vertical alignment in NSLC mixture
In previous studies of photoinduced vertical alignment in LC devices, POM and scanning electron microscopy (SEM, JEOL, JSM-6390LV) were used to prove that the copolymer morphology after photoalignment is indeed a VACOF with a smooth surface, instead of a networked PDLC film (where the devices operated in the scattering mode) [40, 41] .
Our main motivation for adding an SmA * LC was that the anchoring force of the alignment film surface formed after the regular photoalignment process was relatively weak. Thus, we added an SmA * LC with a homeotropic texture not only to improve the vertical alignment of LC molecules in the auxiliary LC mixture, but also to enhance the anchoring force of the VACOF surface.
One can deduce from figure 2 and the subsequent results on the electrooptical properties that most of the SmA * LC molecules were uniformly distributed on the VACOF surfaces of the upper and lower layers, thereby strengthening the anchoring force of the alignment film surfaces.
XRD analysis of Sm A * LC
To further ascertain the molecular arrangement of the SmA * LCs, we employed XRD analysis to determine the structure of the different phases and the CS Chem3D Ultra 7.0 software to perform molecular simulation. We were armed with the knowledge that the molecular core assumed the coplanar configuration while the alkoxy chain spacers took on the fully extended all-trans configuration with a molecular length of 29.78 Å (see the inset of figure 7) . Additionally, figure 7 shows the spacing between SmA * LC layers (d), as measured by XRD analysis at different temperatures and in different phase states. From the figure (see the XRD patterns in figure 7) , one can see that the SmA * LC compound exhibited a very broad diffraction peak at the isotropic temperature (∼160
• C). As the temperature was gradually lowered to the range of the chiral SmA * and even of the Cr2 and Cr1 phases, sharp diffraction peaks appeared at a small angle of 2.56
• . From equation (1) , this value corresponds to the average spacing between molecular layers of 29.85 Å. Figure 7 shows that, within the temperature range of the chiral SmA * LC, Cr2 and Cr1 phases, the spacing between molecular layers was unchanged, and that the distance between the molecular layers of the Cr2 and Cr1 phases was the same as the molecular length. This finding explains why the LC molecules were perpendicular to the molecular layers. On the other hand, the POM inset of figure 7 shows the homeotropic texture of the SmA * LC at that particular temperature, as well as the accompanying uniform vertical alignment state and conoscopic pattern. Even when the mixture was cooled to room temperature (∼25
• C), we observed the same state of the SmA * LC molecules, namely, light interference stripes in the form of a dark cross, suggesting that the LC molecules were optically uniaxial, with the optical axis and glass substrate exhibiting a vertical state, and hinting at the molecular arrangement of the LC molecules. In addition, the appearance of broad diffraction features was primarily the result of the variations in SmA * LC molecular distance (see the XRD patterns of figure 7) . These results clearly demonstrate that as temperature was lowered, the intermolecular interactions became stronger, resulting in a closer molecular packing and Table 2 . Phase-transition temperatures deduced from DSC thermograms, enthalpies of transitions, and optical textures observed with POM during second cooling (cell thickness 4 µm). The phase-transition temperatures were taken at the maxima of endothermic and exothermic DSC peaks during the second heating and cooling cycles at 5
• C min figure 7 ). The theoretical V th of the pure NLC has been calculated as ∼2.22 V using the following equation [94, 95] :
Electrooptical studies of LC mixtures
where K eff is the effective elastic constant, ε 0 is the vacuum permittivity and ε is the dielectric anisotropy of the LC. Note that V th is independent of cell thickness. From table 3, the experimental V th values of the NLC/B1, NLC/B2, NSLC/1 and NSLC/2 mixtures were all smaller than the theoretical V th of 2.22 V, suggesting fast driving in LC devices [96] [97] [98] [99] [100] . Moreover, figures 8(a)-(e) show that all the LC mixtures retained excellent bright-state displays after the application of V sat . We think that the LC mixture also has a satisfactory voltage holding ratio, yet another important indicator of the vertical alignment characteristics of LC molecules. We found that the contrast ratios of the NLC/B2 and NSLC/1 mixtures increased by ∼56 and ∼73%, respectively, relative to that of the NLC/B1 mixtures (if one were to further increase the intensity of the incident light source in a sufficiently dark state, one could presumably increase the contrast ratio significantly). We interpret these results as follows. Although the VACOF surface cross-linking grids that formed on the NLC/B1 mixtures upon photoalignment (cross-linking reaction) were denser and resulted in excellent transmission for the dark state (V = 0), the rotation of the LC molecules under an electric field (V = V sat ) would likely affect the transmission, resulting in a decrease in the overall contrast ratio. Moreover, although the dark states of the NLC/B2 mixtures were inferior to those of the NLC/B1 mixtures, the density of the VACOF surface grid after the cross-linking reaction was lower in NLC/B2 than in NLC/B1 (a longer main chain resulted in a higher d among the VACOF surface cross-linking gridlines). Thus, the transmission at V = V sat was higher, which led to a marked increase in contrast ratio. In summary, a trace amount of SmA * LC compound was added to the NSLC mixtures; after the UV irradiation, the SmA * LC became distributed across the VACOF surfaces of the upper and lower layers. In addition to improving the dark-state performance of the NLC/B2 mixtures, this approach also enhanced the anchoring force of the VACOF surfaces (see table 3 ) and improved the transmission of the LC molecules in the electric field, that is, the overall contrast ratio of the device. Increasing the concentration of the SmA * LC resulted in the distribution of the SmA * molecules in the LC cell, which affected not only the configuration of the NLC molecules but also their rotation in the electric field. This leads to a slight decrease in the transmittance, and thus in contrast ratio.
As to the temporal response of the LC mixtures, the rise and fall times can be respectively calculated as follows [94, 95] :
where η 1 is the rotation viscosity of the LC. For all the LC mixtures, τ off was slightly larger than τ on (see table 4 ). The rise time is the time required for the LC molecules to generate an electrooptical effect, whereas the fall time is the time required for the LC molecules to restore their original positions after the removal of the electric field; thus, equation (7) is independent of applied voltage. According to equations (6) and (7), decreasing cell thickness should speed up the LC response. Although the viscosity and effective elastic constant of the material also affect response time, these factors are less important than the surface anchoring force of the VACOF produced after the photoalignment of the NLC/B1 NLC/B2 and NSLC mixtures. The measured τ values are listed in table 4 . From the experimental results, it is apparent that the weak anchoring force of the VACOF surfaces in the NLC/B2 mixtures resulted in a short τ on . However, after the removal of the electric field, the weaker anchoring force of the VACOF surfaces results in a longer time required for the LC molecules to return to their original positions. Thus, after adding the SmA * LC into the NLC/B2 mixtures (we refer primarily to the NSLC/1 mixture), the increase in the anchoring force of the VACOF surface resulted in a slight decrease in τ on . Nonetheless, in comparison with those of the NLC/B1 and NLC/B2 mixtures, the τ off and total response time of NSLC/1 mixture showed obvious improvements (see table 4 ). Likewise, the accompanying NSLC mixture exhibited a decrease in τ on and a slight increase in τ off as the anchoring force of the VACOF surface increased with increasing concentration of the SmA * LC. The total response times for the five LC mixtures ranged from 14 to 20 ms.
Conclusions
Using previously developed noncontact photoalignment techniques, we successfully fabricated LC devices with pseudo-polyimide VACOF. In this study, we added a chiral SmA * LC into NLC/B2 mixtures and achieved a photoinduced vertical alignment. This addition not only strengthened the anchoring force of the VACOF surface, but also enhanced characteristics such as grayscale switching, contrast ratio and response time. We think that employing the noncontact photopolymerization method in conjunction with the use of a flexible plastic substrate and multidomain vertical alignment technology holds much promise for fabricating LC devices with wide viewing angles and high contrast ratios. We will continue in our further development of these NSLC mixtures for liquid crystal display applications.
